Introduction
In teleo stean fishes, such as carp, cortisol regulates a pleth o ra of physiological processes such as d evelopm ent, reproduction, osm oregulation, m etabolism , and im m unity. Cortisol is th e d o m i n a n t steroid in stress physiology (M om m sen et al., 1999; W endelaar Bonga, 1997) and has profound and differential effects on th e im m une system . Stress often inhibits im m u n e responses, to co u n te ract p o ten tial deleterio u s effects of too strong pro-in flam m ato ry responses; acute stress and related cortisol release m ay ex ert stim ulato ry effects (Butts and Sternberg, 2008; Elenkov and (W eyts et al., 1998a) , and inhibits apoptosis of neutrophils (W eyts et al., 1998b) , an adaptive response to prolong th e life span of neu tro p h ils th a t form th e first-line defence against pathogens. P roduction in fish aq u acu ltu re is increasing rapidly over the last decennia. Stress as a resu lt of high rearing d en sity and h a n dling gives rise to im m u n e su p p ressio n and increased susceptibility to infectious diseases, especially in larvae and ju v en iles (Maule and Schreck, 1991; Palerm o et al., 2008; Terova et al. , 2 0 0 5 ). To stee r disease p rev en tio n w e n eed b e tte r u n d ersta n d in g of m ech-anism s of stress-in d u ced m o d u latio n o f im m unity. In teleo stean fishes, th e stress horm o n e cortisol is p roduced follow ing a cti vation of th e h y p o th alam u s-p itu itary -in terren al (HPI) axis, th e functional analogue of th e m am m alian h y p o th alam u s-p itu itaryadrenal (HPA) axis. The hydrophobic cortisol en te rs th e cell and activates cytosolic tran scrip tio n factors, such as th e glucocorti coid receptor. The horm o n e recep to r com plex tran slo ca tes to th e nucleus and binds to specific glucocorticoid responsive elem en ts (GREs) in th e DNA, to activate or rep ress tran scrip tio n of genes (Kum ar and T hom pson, 2 0 0 5 ). Form ation of th e ligand-re c e p to r com plex and tran sactiv atio n o r tran sre p re ssio n is hypoth esized to utilise sim ilar intracellular ro u tes in teleo stean fishes as in m a m m als (Stolte et al., 2 0 0 6 ) .
Teleostean fishes express m ore corticoid recep to rs th a n o th er v ertebrates. A lthough fish do n o t produce aldosterone (Jiang et al., 1998) , th ey do express mRNA and th e p ro tein of a m ineralocorticoid recep to r (MR), w hich can bind cortisol. Fish do produce significant am o u n ts of 11-deoxycorticosterone (DOC) th a t m ay serve a role as m ineralocorticoid, b u t physiological d ata on for instance plasm a levels of this steroid in fishes are very scarce and aw ait fu rth e r stu d ies (P runet et al., 2006; Sturm et al. , 2 0 0 5 ). F urtherm ore, fishes have d uplicate GR genes (GR1 and GR2) th a t b o th tran scrib e into func tional proteins (Bury et al., 2 0 0 3 ). M oreover, th e GR1 gene m ay yield tw o splice variants, as w as d em o n stra te d for rainbow tro u t (L ethim onier et al., 2002; Takeo et al., 1996) and tw o pufferfish species (Stolte et al. , 2 0 0 6 ). Both splice varian ts are constitutively expressed and induce tran scrip tio n (G reenw ood et al., 2003; Takeo et al., 1996) . Interestingly, th e dup licated recep to rs require differ e n t co n centrations of cortisol (low and high, basal and stress levels) to initiate tran scrip tio n in effector cells (tran sactiv atio n capacity) (Bury et al., 2003 ; G reenw ood et al., 2 0 0 3 ). This notio n opens a vast range of o p p o rtu n ities for differential reg u latio n w ith a single ligand, viz. cortisol.
The role of corticoid recep to r su b ty p es in im m u n e m o d u latio n w as investigated. Corticoid recep to r expression durin g early devel o p m en t suggests th a t stress or cortisol can affect th e developing im m une system . Based on co n stitutive mRNA expression levels and sensitivity for cortisol w e show th a t th e glucocorticoid receptors ra th e r th a n th e MR are im p o rta n t in im m u n e regulation. GR ex p res sion is differentially adju sted follow ing LPS tre a tm e n t. We show inhibition of mRNA expression o f th e p ro -in flam m ato ry inducible nitric oxide synthase (iNOS) and p ro -in flam m ato ry cytokines by stress levels of cortisol. The resu lts w id en o u r insight into th e in tri cate, cortisol-induced, im m u n e m odulation.
(Merck, D arm stadt, F.R. G erm any). Blood w as collected by p u n c tu re of th e caudal vessels using a h ep arin ized (Leo Pharm aceuticals Products, Ltd., W eesp, The N etherlands) syringe fitted w ith a 21-Gauge needle. N ext fish w ere killed by spinal tran sectio n and organs and tissu es w ere carefully rem oved, snap frozen in dry ice o r liquid N2 and stored at -8 0 °C for RNA extraction. W hole carp em bryos w ere a n aesth etized w ith 0.2 g L-1 TMS buffered w ith 0 .4 g L -1 NaHCO3 at th e ind icated stages of d evelopm ent. Individ u al eggs o r em bryos w ere snap frozen in liquid N2 and stored at -8 0 °C.
Restraint-stress paradigm
Prolonged re stra in t (24 h) w as given by n ettin g th e fish and su s p ending th e n ets w ith th e fish in th e tan k s (H uising et al., 2 0 0 4 ). A fter 24 h, th e ex p erim en tal group w as tran sferred at once to a tan k w ith 0.2 g L-1 TMS, resu ltin g in rapid (<1 m in) and deep an a e sth e sia p rio r to blood sam pling and killing. A control group w as housed in an identical ta n k b u t left u n d istu rb e d . Control fish w ere sam pled follow ing rapid n ettin g and anaesthesia, im m ed iately before sam pling o f th e ex p erim en tal group. Blood and organs w ere isolated as m en tio n ed above.
Plasma horm one determ ination
Freshly collected, h ep arin ized blood w as centrifuged for 10 m in at 2000 X g at 4 °C, after w hich plasm a w as tran sfe rre d to a new tu b e and sto red at -2 0°C. Cortisol w as m easu red by RIA (A rends et al., 1998) w ith a com m ercial an tise ru m (Bioclinical Services Ltd., Cardiff, UK). All co n stitu e n ts w ere in phosphate-EDTA buffer (0.05 M Na2 HPO4, 0.01 M Na2 EDTA, 0.003 M NaN3, pH 7.4). Tenm icroliter sam ples or stan d ard s in RIA buffer (phosphated-EDTA b uffer containing 0 .1 % 8 -an ilia-1 -n a p h th a le n e sulphonic acid and 0 .1 % (w /v) bovine 7 -globulin) w ere in cu b ated w ith 1 0 0 |^L a n ti seru m (in RIA buffer contain in g 0.2% n orm al rab b it serum ) for 4 h . Sam ples w ere incu b ated overnight w ith 100 |^L iodinated cortisol (aro u n d 1 7 0 0 cp m /tu b e; 1 2 5I-la beled cortisol, A m ersham ; Uppsala, Sw eden) and 100 |^L goat an ti-ra b b it 7 -globulin (in RIA buffer). Bound and free cortisol in th e assay w ere se p arated by th e ad d i tio n of 1 m l ice-cold p recip itatio n buffer (phosphate-EDTA buffer co ntaining 2% (w /v) bovine seru m album in and 5% (w /v) polyethy lene glycol). Tubes w ere centrifuged at 4 °C (20 m in at 2000 x g), th e su p e rn a ta n t asp irate d and th e p ellets cou n ted in a g am m a co u n ter (1272 clinigam m a, LKB, Turku, Finland).
Experimental procedures

Animals
Com m on carp (Cyprinus carpio L.) w ere k ep t at 23 °C in recir culating U V -treated tap w a te r at th e "De H aar V issen" facility in W ageningen. Fish w ere fed d ry food p ellets (Promivi, Rotterdam , The N etherlands) at a daily m ain ten an ce ratio n o f 0.7% o f th e ir e sti m ated body w eight. The cross 'R3 x R8 ' is offspring of H ungarian (R8 ) and Polish (R3) strain s (Irnazarow , 1995) . E xperim ental rep eats w ere perform ed w ith fish reared from d ifferent b atch es of eggs. All ex p erim en ts w ere perform ed according to natio n al legislation and w ere approved by th e in stitu tio n al Ethical C om m ittee.
Tissue preparation
Nine m o n th old carp (1 5 0 -2 0 0 g) w ere an aesth e tiz e d w ith 0 .2 g L -1 tricaine m eth an e su lp h o n ate (TMS) (C resent Research Chemicals, Phoenix, AZ, USA) buffered w ith 0.4 g L-1 NaHCO3
Cell culture
A nterior head kidney phagocytes w ere o b tain ed by passing th e tissu e th ro u g h a 100 |^m nylon m esh (BD Bioscience, Breda, th e N etherlands) w ith carp RPMI (cRPMI, 280 m O sm ) and w ashed tw ice. The cell su sp ensio n w as layered on a disco n tin u ous Percoll (A m ersham , Biosciences, U ppsala, Sw eden) g rad ien t (1.020,1.060, 1.070 and 1.083 g cm -3 ) and centrifuged 30 m in at 800 x g w ith th e brake disengaged. Cells at th e 1.070 (65% m acrophages, 10% g ranulocytes and 25% sm all m acrophages and lym phocytes) and 1 .083g c m -3 (85% n eu tro p h ilic granulocytes, 15% m acrophages) interface (K em enade et al., 1994) w ere collected and w ashed tw ice w ith cRPMI and once w ith cRPMI++ (cRPMI su p p le m e n te d w ith 0.5% pooled carp serum , 1% g lu tam in e (Cambrex, Verviers, Belgium), 1% penicillin G (Sigm a-A ldrich, Z w ijndrecht, th e N etherlands) and 1% streptom ycin su lp h ate (Sigma-A ldrich). S ubsequently tre a tm e n ts w ere carried o u t in duplo in cRPMI++ at 5.5 x 106 cells p er w ell (in 500 |^l) in a 24-w ell cell culture plate. Cells w ere stim ulated for 4 h at 2 7°C at 5% CO2 w ith 30 |^g m l-1 LPS (Lipopolysacharide form Escherichia coli 055:B5, Sigm a-A ldrich), o r w ith 100 nM co rti GR1b  GTTCGTCGGATCAGCAAGC  TTGTGCTGCCCCTCTACG  AM697886  GR2  GGAGAACAACGGTGGGACTAAAT  GGCTGGTCCCGATTAGGAA  AM183668  MR  TTCCCTGCAGAACTCAAAGGA  ACGGACGGTGACAGAAACG  AJ783704  IL-10 AAGGAGGCCAGTGGCTCTGT CCTGAAGAAGAGGAGGCTGTCA AJ245635 TNF-a 1 and 2
CCGTGGGTGACATCGTTACA TCAGGACATTGAACCTCACTGTCT AB012087 sol (Sigm a-A ldrich) or a com bin atio n o fb o th . Control cells received m ed iu m only and ex p erim en ts w ere rep eated for four in d ep en d e n t fish. A fter stim ulation, su p e rn a ta n t w as rem oved and cells w ere col lected in 300 |^l RLT buffer from th e RNeasy Mini Kit (Qiagen, Venlo, th e N etherlands) and stored at -8 0 °C (duplicate tre a tm e n ts w ere pooled).
RNA isolation
RNA w as isolated from tissu es after ex tractio n in Trizol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA w as p recip itated in iso propanol, w ash ed w ith 75% eth an ol and dissolved in nuclease-free w ater. RNA of cells w as isolated as described by th e RNeasy Mini Kit (Qiagen) strictly according to th e m an u fa c tu re r's instru ctio n s. RNA co n centrations w ere m e asu red by sp ectro p h o to m e try and integ rity w as ensured follow ing electro p h o resis in z E r5 % agarose gel before proceeding w ith cDNA sy n th esis (Table 1 ) .
DNAse treatm ent and first strand cDNA synthesis
For each sam ple a '-RT' (n o n -rev erse tran scrip tase) control w as included. One m icroliter of 10x DNase-I reaction buffer and 1 |^l DNase-I (Invitrogen, 18068-015) w as added to 1 |^g to tal RNA and incub ated for 15 m in at room te m p e ra tu re in a to tal volum e of 10 |^l. DNase I w as inactivated w ith 1 |^l 25 mM EDTA at 65 °C for 10 min. To each sam ple, 300 ng ran d o m h ex am ers (Invitrogen, 48190-011), 1 |^l 10 mM dNTP mix, 4 |^l 5 x First Strand buffer (n v itro g e n ), 2 |^l 0.1 M dith io th reito l (DTT) and 40 U nits RNAse Out (Invitro gen 10777-019) w ere ad d ed and th e m ix w as incu b ated for 10 m in at room te m p eratu re and for an additio n al 2 m in at 37 °C. To each sam ple (not to t h e J-R T ' controls) 200 U Superscript-II RNase H\ Reverese T ranscriptase (RT; Invitrogen, 18064-014) w as added and reactions w ere in cubated for 50 m in at 37 °C. D em ineralized w ater w as added to a final volum e of 1 0 0 |^l and sam ples w ere stored at -2 0 °C u n til fu rth e r use.
Real-time quantitative PCR
PRIMER EXPRESS (Applied Biosystem s, Foster City, CA, USA) and PRIMER3 softw are w as u sed to design p rim ers for use in real tim e q uantitative PCR (RQ-PCR) ( Table 2 ) . For RQ-PCR 5 |^l cDNA and forw ard and reverse p rim ers (300 nM each) w ere ad d ed to 7 |^l Brilliant® SYBR® QPCR M aster Mix (Stratagene, La Jolla, CA, USA) and dem ineralized w a te r w as added to a final volum e of 14 |^l. RQ-PCR (10 m in 95 °C, 40 cycles of 15 s at 9 4°C, 30 s at 6 0°C, and 3 0 s at 7 2°C follow ed by 1 m in at 6 0°C) w as car ried o u t on a R otorgene 2000 real-tim e cycler (C orbett Research, Sydney, A ustralia). Raw d ata w ere analysed w ith com parative q u a n tita tio n o f th e Rotor-gene Analysis Softw are V5.0. Basal gene expression in organs and tissu es w as d eterm in e d as a ratio of targ e t gene vs reference gene and w as calculated according to th e follow ing equation: ratio = (Ereference)a reference/(Etarget)a target w h ere E is th e am plification efficiency and Ct is th e n u m b er of PCR-cycles n eed ed for th e signal to exceed a p red eterm in ed th re sh o ld value. Expression follow ing in vitro tre a tm e n t w as d ete rm in e d relative to th e expression of n o n -re stra in t control fish according to th e follow ing eq u atio n (Pfaffl, 2 0 0 1 ): Ratio = (Etarget)\ ta' get ^^'^^'^/(Ereference)^ reference (control-samp|e). Two in tern al reference genes (40S ribosom al pro tein and ß -actin ) w ere in co rp o rated in all RQ-PCR ex p erim en ts; resu lts w ere sim ilar fol low ing stan d ard isatio n to e ith e r gene. '-RT'-controls w ere included in all ex p erim en ts and no am plification above background levels w as observed. N o n -tem p late controls w ere included for each gene in each ru n and no am plification above background levels w as observed. Specificity of th e am plification w as en su red by check ing th e m eltin g te m p e ra tu re and profile o f each m elting curve. The pro d u ct o f each tem p la te w as checked by sequencing.
Transactivation assay
The clones encoding fu ll-length o pen reading fram e of com m on carp GR1a and GR1b w ere excized from pGEM-Teasy vector by EcoR1 and BamH1 and ligated into pcDNA3 expression vector, cut 
Molecular m odeling
H om ology m odeling tech n iq u es w ere u sed to co n stru ct a m odel o f th e carp glucocorticoid recep to r (GR) DNA-binding dom ain (DBD). A crystal stru ctu re of th e ra t GR DBD in com plex w ith DNA, solved at 2.5 À resolution (Luisi et al., 1991) , w as u sed as a m o d el ing tem p late (Protein D ata Bank (B erm an et al., 2 0 0 0 ) ID: 1R4O). Aside from the nine additio n al am ino acids in th e carp DBD, th e sequences of th e tw o DNA b inding do m ain s are v irtually id e n ti cal (98% sequence identity). The n ine in serted am ino acids w ere m odeled using YASARA (h ttp ://w w w .y asara .o rg ) by searching a n o n -re d u n d a n t subset of th e DBD for loops w ith sim ilar sequence and sta rt and end anchor points. Subsequently, side chains w ere m odeled and th e m odel w as optim ized using th e Y amber2 force field to accom m odate th e changes (K rieger et al., 2 0 0 4 ). A coordi nate file of the m odel is available from th e au th o rs u p o n request.
Statistics
Statistical analyses w ere p erfo rm ed using SPSS 12.0.1 softw are. D ifferences in corticosteroid recep to r expression w ere evaluated w ith a S tu d en t's t-te st and P < 0.05 w as accepted as fiducial lim it. H om ogeneity w as te ste d w ith Levene's te s t and w e corrected th e S tu d en t's t-te st for u n equ al variances w h e n necessary. In case of RQ-PCR data, te sts w ere p erfo rm ed for b o th in tern al reference genes (Actin and 40S) and statistical significance w as only re p o rted ifb o th reference genes show ed a significant effect. Cytokine ex p res sion and EC50 of receptors w ere com pared and differences teste d w ith a M ann-W itn e y U test, and P <0.05 w as accepted as sig-nificant. Data are rep resen ted as average and erro r bars indicate stan d ard deviation, 'indicates P < 0.05, """indicates P <0.01.
Results
Widespread mRNA expression o f corticoid receptors in im m une organs
GR1a, GR1b, GR2, and MR genes are constitutively expressed in all im m u n e tissu es and tissu es rich in im m u n e cells (epithelia of gills, skin g u t en kidney) (Fig. 1A) . The expression levels w ere com parable to th o se found in brain, hy p o th alam u s and p itu itary (Stoltfj= 2 sub m itted^)re p o rte d recen tly for th e sam e species. M essenger RNa levels for th e GR2 w ere consistently th e highest, th o se for both GR1a and GR1b being a b o u t h alf th is level and th a t for MR w as on aver age less th a n 30% of GR2 expression. Gills and p erip h eral blood lym phocytes (PBL) show ed th e hig h est relative GR2 expression. In m o st organs te ste d GR1a expression w as slightly h ig h er th a n GR1b expression. MR expression levels w ere especially low in im m une tissues; thym us, PBL, and head kidney. D uring early d ev elo p m en t GR1 (a and b) mRNA expression lev els in w hole em bryos w ere com parable to m essen g er RNA levels in sep arate organs of ad u lt fish (Fig. 1B) . In un fertilized eggs and em bryos of 4 h p o st-fertilizatio n (4 hpf) GR2 mRNA expression w as ten -fo ld stro n g er th a n expression of eith e r GR1 gene. These GR2 mRNA levels quickly and d ram atically d ro p p ed u n til 24 hpf, after w hich levels rem ain ed co n stan t. MR w as hardly ex p ressed until 24 hpf, b u t at 48 h p f expression levels starte d to rise, and at 96 hpf, MR mRNA expression levels w ere significantly increased com pared to un fertilized eggs and 50% com pared to expression o f eith e r GR1 gene. 
Homology m odeling o f the fish specific DNA binding domain
As th e carp GR1a has a nine am ino acid in sert (WRARQNADG) in th e very conserved DNA b in d in g region ( Fig. 2A and B) , w e first m odeled the receptor DNA b in d in g site. W e co n stru cte d a protein m odel of th e carp GR1a DNA b inding d o m ain b ased on th e rat GR DNA binding dom ain crystal stru ctu re (Fig. 2 C) , and u sed th e YASARA program to pred ict th e th ree-d im en sio n al stru ctu re of th e nine am ino acid insert. The nine am ino acid in sert ex ten d s th e loop b e tw e e n the tw o zinc fingers and projects outw ard, aw ay from th e DNA (Fig. 2D) . The m odel d e m o n strates th a t th e in sert does not necessarily disturb th e zinc finger residues involved in DNA binding.
GR1a and GR1b transactivation
GR1a and GR1b show ed sim ilar affinities for th e different h orm ones tested (Fig. 3 ) ; d ex am eth aso n e w as th e stro n g est ago n ist tested , follow ed by cortisol, deoxycortisol and corticosterone. A ldosterone and DOC, w ere very w eak agonists. The physiologically im p o rta n t stress ho rm o n e cortisol w as chosen as ligand to com pare sensitivity b e tw e e n th e tw o splice variants. EC50-values w ere found to be com parable; 7.1 ± 5.0 nM for GR1a and 17.4± 7.5 nM for GR1b, c o n cen tratio n s com patible w ith basal p lasm a cortisol levels.
Stress only m ildly increases corticosteroid mRNA expression in head kidney
The effect of stress on corticoid recep to r expression w as d eter m in ed in head kidney in head kidney in vivo and in head kidney phagocytes in vitro. In an in vivo experim ent, 4 fish w ere confined in a n e t for 24 h, w hich resu lted in acute stress, reflected by sig nificantly increased plasm a cortisol levels (Fig. 4A) . A fter 24 h the h ead kidneys w ere rem oved and corticoid recep to r mRNA ex p res sion w as d eterm in ed . GR1a and MR expression w as slightly, b u t significantly increased; expression of GR1b and GR2 mRNA did not change significantly.
In a separate ex p erim en t th e effect o f 100 nM cortisol tre a tm e n t on corticoid receptor expression in head kidney phagocytes in vitro w as d eterm in ed (Fig. 4 B) . C onstitutive GR1 (a and b) mRNA ex p res sion w as h ig h er and co n stitutive MR expression w as low er in head kidney phagocytes th a n in w hole head kidney tissue. Cortisol did n o t significantly affect GR1 (a a n d b), GR2 and MR mRNA expression.
LPS treatm ent increases GR1a and decreases GR2 expression in head kidney phagocytes
Head kidney phagocytes w ere stim u lated w ith 50 |ag/m l LPS (Fig. 5A ). GR1a expression w as doubled after 2 h and w as still increased after 4 h; GR2 expression w as decreased at b o th 2 and 4 h. As im m u n e stim uli often associate w ith a stress response, w e d eter m in ed in vitro th e effect of a su b -o p tim al LPS stim u latio n (30 ^g /m l) alone o r in com bin atio n w ith 100 nM cortisol on corticoid recep to r expression in head kidney phagocytes (Fig. 5 B) . Also, after 4 h of tre a tm e n t w ith 30 ^g /m l LPS, GR1 (a and b) mRNA expression w as increased, w hile GR2 expression w as decreased. A fter addition of cortisol to th ese LPS tre a te d phagocytes, glucocorticoid receptor mRNA expression levels did n o t differ from expression levels after tre a tm e n t w ith LPS only.
Cortisol inhibits LPS-induced iNOS mRNA expression
To m im ick stress-in d u ced im m u n e m o d u latio n in vitro, th e effect o f cortisol exposure on head kidney phagocyte iNOS p ro d u ctio n in response to an im m u n e stim u lu s (LPS) w as investigated (Fig. 6 ). C om pared to control cells, ad d itio n of 1 nM cortisol did n o t affect iNOS expression. A ddition of 100 nM cortisol slightly decreased iNOS expression. T reatm en t w ith 30 |xg/m l LPS increased iNOS expression 75-fold (12-to 200-fold) ( Table 2 ) . A ddition of
Cortisol inhibits LPS-induced cytokine mRNA expression
T reatm en t w ith 30 |xg/m l LPS significantly induced tu m o r necrosis factor alpha (TNF-a), IL-1 ß, in terleu k in 12 subunits p35 and p40 and in terleu k in 10 (IL-10) mRNA expression ( Table 2 ) . The sam e stim ulus did n o t significantly affect mRNA expression levels of chem okines CxCa and CxCb, chem okine receptors CxCR1, CxCR2, and tran sfo rm in g g ro w th factor b eta (TGF-ß) ( Table 2 ) . A ddition of 100 nM of cortisol significantly inh ib ited LPS in duced u pregulation of tu m o r necrosis factor alpha (TNF-a) and in terleu kin 12 (IL-12) su b u n it p35 mRNA expression (Fig. 7 ) . The low er co ncen tratio n of 1 nM cortisol did n o t significantly affect expression levels of the cytokines m easured. MR mRNA expression in typical im m u n e tissues such as head kidney, p erip h eral blood lym phocytes (PBL) and thym us is very low. To b e tte r ap p reciate th e functional consequences of this low constitutive expression it is im p o rtan t to know th e transactiva tion capacity, i.e. th e co n cen tratio n of th e n atu ral ligand (cortisol) required to activate or repress an effector gene. Recent experim ents (Stolte et al., 2 0 0 8 ) have sh o w n th a t GR2 is th e m ost sensitive recep to r (EC50 2.4 nM) w h ereas MR (EC50 4.0 nM) and GR1 (EC50 7.2 nM) are less sensitive. C onsidering th e very low constitutive expression of th e MR in im m u n e organs and only m o derate cortisol sensitivity w e h ypothesize th a t GRs ra th e r th a n th e MR are pre- do m inantly involved in tra n sm ittin g stress signals to th e im m une system .
Discussion
Based on the w id esp read corticoid recep to r expression in adult im m une organs and our d em o n stra tio n th a t corticosteroid recep to r levels in th e w hole em bryo are com parable to levels in separate organs of ad u lt fish as from 4 d p f, it is tem p tin g to hypothesize existence of cortisol-ind u ced im m u n e m o d u latio n at th is early age. A lternatively, cortisol m ay play a role in th e d ev elo p m en t of th e im m une system . C om m on carp show fast em bryonic develop m e n t of b o th th e im m un e and th e stress axis. A fter h atching at 2 days p o st fertilization (2 dpf) th e larvae sta rt feeding at 4 d p f w h e n th e yolk has b een resorbed. Intriguingly, as early as 2 d p f endogenous ACTH and cortisol is p roduced and em bryos show a 'stress resp o n se': w hole body cortisol levels increase after handling (S am p ath -K u m aretal., 1997; S to u th art et al., 1998; (Bloem et al., 1995; B randon et al., 1991 ; Rivers et al., 1999) and w ere sh o w n to affect DNA binding and resultin g tran sactiv atio n capacity of th e recep to r (W ickert and Selbig, 2 0 0 2 ). H um an GR7 (Ray et al., 1996; Rivers et al., 1999) and th e cotto n to p m arm o set (Saguinus oedipus) GR (Brandon et al., 1991 ) , show an extra A rginine (R), b u t its function w as p redicted to be com parable to w ild ty p e (W ickert and Selbig, 2 0 0 2 ). E xperim ents, how ever, show ed th a t alth o u g h th e tra n sac ti vation capacity w as unaffected, its Vmax is d im in ish ed (Ray et al., 1996) . Our m odel of th e th ree-d im en sio n al stru ctu re of th e splice variant, based on th e rat GR DNA b inding d o m ain crystal stru c ture, predicts th a t additio n of nine am ino acids extends th e loop after th e interfinger alpha helix. This loop p ro tru d es outside of th e protein, and m ay th u s be ex pected n o t to in terfere w ith recep to r DNA-binding. Our results corroborate a pred ictio n for th e rainbow tro u t G R-insert (WRARQNTDG) th a t also show ed a loop extending to th e outside of th e p ro tein (W ickert and Selbig, 2 0 0 2 ). As b o th predictions w ere based on th e D NA binding d o m ain only, it rem ains u n certain if this prediction w ould hold for th e en tire p rotein. Trans activation ex p erim en ts confirm ed th a t th e nine am ino acid in sert did not affect th e capacity to activate a luciferase gene u n d e r con trol of a MMTV prom oter. The EC50's are com parable for th e v ariant w ith (GR1a) and w ith o u t (GR1b) th e in sert and m axim al activation w as not altered. Also, EC50-values for th e p o te n t sy n th etic steroid dexam eth aso n e (GR1a 2.4 ± 3.8 nM and GR1b 2.9 ± 2.4 nM) w ere com parable as w ell (data n o t show n). A lthough th ese resu lts show th a t alternative splicing does n o t affect DNA bin d in g and resulting activation of transcription , th e in sert m ig h t affect in teractio n s w ith co-activators and co-repressors (Kum ar and Thom pson, 2 0 0 5 ). As th e tran sactiv atio n capacity for GR1a and GR1b are no t significantly different, th e mRNA expression levels o f th e varian ts com bined can be su m m ed and com pared w ith GR2 expression levels. This results in sim ilar relative expression levels in m o st im m u n e related tis sues, except for PBL th a t show an o v errep resen tatio n o f GR2 mRNA expression. Recently w e forw arded th e hypothesis o f a 'sensitive' GR2 recep to r th a t can induce tran scrip tio n at basal cortisol levels, and an 'in sen sitiv e' GR1 recep to r th a t req u ires stress levels of cor tisol to induce tran scrip tio n (Stolte et al., 2 0 0 8 ). Our cu rren t data are co n sisten t w ith th is hypothesis.
To investigate differential roles o f CRs in im m u n e cells w e d eter m in ed recep to r expression profiles after e ith e r an im m u ne stim ulus an d /o r a stress stim u lu s in head kidney phagocytes. In isolated head kidney phagocytes co n stitutive GR mRNA expression is higher and co n stitutive MR mRNA expression low er th a n in w hole head kid ney, w hich fu rth e r au g m en ts th e p red o m in an ce of GR over MR in im m u n e cells. G lucocorticoid recep to r levels of head kidney phagocytes w ere slightly increased by tre a tm e n t w ith stress lev els (100 nM) of cortisol. Earlier resu lts show ed d o w n regulation of GR binding sites in p erip h eral blood leukocytes of carp fed w ith cortisol-containing food (W eyts et al., 1998c) , probably as a result of recep to r tran slo ca tio n to th e nucleus. In tim e, th is m ight lead to increased mRNA levels to rep len ish GR n u m b ers. Indeed, only after 24 h th e increase in GR expression w as significant. LPS tr e a t m e n t how ever, quickly induced GR1 mRNA expression, w h ereas GR2 expression w as inhibited. This m ig h t reflect a tem p o ral surge of th e 'stress' GR1 recep to r expression to increase sensitivity for feedback control as w as show n for m u rin e m acrophages (Salkowski and Vogel, 1992) . A fter LPS tre a tm e n t, p ro -in flam m ato ry cytokine expression levels (IL-1ß, TNF-a, IL-12 (su b u n its p35 and p40) increase drastically w ith co n co m itan t increase of nitric oxide (NO) (via inducible nitric oxide synthase) and toxic oxygen and n itro gen radicals d irected to kill th e invading p ath o g en (Engelsm a et al., 2003; H uising et al., 2006; . A lthough fish do n o t suffer from septic shock, th e y do show a strong p ro -in flam m ato ry response w ith high pro d u ction of oxy gen and nitro g en radicals w hich requires a firm balance to ensure effective p ath o g en clearance and p rev en t dam age to th e host. In m am m als GR activity m ed iates im m u n e su p p ressio n th ro u g h in h i b itio n of tran scrip tio n factors such as activator pro tein (AP-1) and n u clear factor kappa B (NFkB) th a t regulate expression of cytokines, inflam m ato ry enzym es and inflam m ato ry recep to rs (Rhen and Cidlowski, 2 0 0 5 ). As in tracellu lar p athw ays are m uch conserved th ro u g h o u t th e v erteb rate lineage, w e pred ict th e sam e inhibitory m ech an ism s for fish. Indeed NO pro d u ction (u n d e r control of th e inflam m ato ry iNOS) w as significantly decreased after tre a tm e n t w ith a NFkB in hibitor (Saeij et al., 2 0 0 3 a). LPS-induced ex p res sion of p ro -in flam m atory cytokine IL-1 ß could be blocked by NFkB inhib itio n (Engelsm a et al., 2 0 0 3 ).
To assess w hich CRs m ed iated im m u n e m o d u latio n in com m on carp, w e d ete rm in e d th e ability of cortisol to affect LPS induced cytokine p roduction. Basal p lasm a cortisol levels in carp are below 2 0 ng/m l and can increase to w ell over 2 0 0 ng/m l during stress.
Roughly 80% o f cortisol in circulation is b o u n d to p lasm a p ro teins, w hich leaves a m ere 2 0 % of th e to tal free and bio-active (Flik and Perry, 1989) . W ith 1 nM (~2 n g /m l in plasm a) and 100 nM (~2 0 0 ng/m l in plasm a) cortisol in o u r cu ltu res w e could th u s d iscrim inate th e cortisol co n cen tratio n required to induce tra n scription by th e GRs tested . At 1 nM cortisol, only th e sensitive GR2 is activated, at 100 nM all th re e GRs w ill becom e m axim ally acti vated. The req u irem en t of high levels of cortisol to induce inhibition of cytokine expression is in accordance w ith resu lts of Saeij et al. (2003c) , for IL-ß, TNF-a and iNOS expression in head kidney phago cytes stim u lated w ith lysate of th e blood parasite Trypanoplasma borreli. In head kidney phagocytes co n stitutive expression of GR1 (com bined) and GR2 are similar, and th e se levels w ere n ot differen-tially regulated during o u r ex p erim en ts. D espite th e fact th a t high levels are necessary to initiate cytokine d ow nregulation, n o t all im m une m o dulation requires high levels of cortisol to take effect. Indeed, lym phocytes and especially B -lym phocytes, show high se n sitivity for cortisol; significant in hibition of PBL p roliferation and induction of apoptosis w as m easu red at cortisol levels as low as 3.6 ng/m l, w hich can be due to activation of GR2 (W eyts et al., 1997) . The strong o v er-rep resen tatio n o f GR2 over com bined GR1 expression in PBL suggests a role for cortisol in im m u n e functions in n o n -stressed fish as well.
In conclusion differential gene expression of th e d u plicate GRs or splice variants is found in endocrine as w ell as in im m u n e organs and cell types. The im m u n e m o d u lato ry response of th e se recep tors ap p ears physiologically im p o rtan t, th e y are n o t only steered by endocrine signalling as an im m u n e stim u lu s strongly and differ entially regulates th e ir expression profiles in leukocytes.
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